X-ray imaging of biological samples is progressing rapidly. In this paper we review the progress to date in high-resolution imaging of cellular architecture. In particular we survey the progress in soft X-ray tomography and argue that the field is coming of age and that important biological insights are starting to emerge. We then review the new ideas based on coherent diffraction. These methods are at a much earlier stage of development but, as they eliminate the need for X-ray optics, have the capacity to provide substantially better spatial resolution than zone plate-based methods. 
Introduction
Much of our knowledge about cell architecture and its remodeling during normal and disease processes has been derived from imaging. As a result, there is an ongoing drive to develop new imaging technologies that will advance our understanding of cell function. For centuries, light microscopy techniques have yielded remarkable information about cell and molecular dynamics. The development of genetically encoded fluorescent protein markers and modern confocal microscopes in the 20th century revolutionized cellular imaging by making it possible to track molecular events in situ to the Abbe diffraction limit, 200-300 nm for visible light. Several methods for imaging beyond the diffraction limit, known as super-resolution fluorescence microscopy, have been developed during the past decade. These techniques, which enable nanometer scale localization of isolated fluorescent molecules, have been described in detail recently [1, 2] .
Fluorescence microscopy has significantly advanced our understanding of cellular processes, but one only detects the fluorescent molecules present in the specimen while the vast majority of cellular structures remain invisible. Since cellular constituents are weakly absorbing at visible light wavelengths, transmission light microscopy methods, such as bright field phase contrast imaging, can provide only limited details. Imaging of subcellular structures has been done best with transmission electron microscopy. This technique has elucidated some of the most intricate details of cellular organelles and cytoskeletal proteins, often at molecular resolution. Because of the low penetrating power of electrons, however, it is not possible to examine an intact eukaryotic cell. Cells are typically sectioned into 60-500 nm slices. This process requires initial fixation, dehydration and plastic embedment as well as application of heavy metal stains to generate contrast. Since most eukaryotic cells are at least 10 mm diameter, extensive work is required to get threedimensional structural information of a whole cell, so most studies are limited to small regions of cells. Consequently little is known about the structural organization of eukaryotic cells in the native, unstained state. The importance of imaging cells in the native state has been demonstrated very well by images collected using cryo electron tomography [3] , but the technique is limited to specimens less than 500 nm thick. Attempts to accomplish the goal of whole cell imaging using cryo-sectioning methods have been discouraging, but ongoing efforts using focused ion beam milling approaches seem promising [4] .
Recent advances in X-ray imaging technologies, and the establishment of dedicated facilities, have made X-ray microscopy an important new tool for cellular imaging. Xrays can penetrate thick cells and tissues, eliminating the need to section the specimen [5, 6] . The unique properties of photons at soft X-ray wavelengths make it possible to image cells based on the organic composition of unstained subcellular constituents [7, 8] . Consequently, soft X-ray tomography (SXT) can generate quantitative three-dimensional images of cells in the near-native state at better than 50 nm isotropic resolution [9,10,11 ,12] . Although recent advances in the nanofabrication of X-ray optical components have improved achievable resolution to that approaching 10 nm [13 ] , such lenses have yet to find routine application to cellular imaging. The recent development of high efficiency lensless imaging methods promises to further extend the capability of biological Xray imaging. Coherent diffraction imaging techniques offer the possibility of high-resolution X-ray imaging of cells using computation and high speed computers rather than an X-ray optic to phase the image. In this article we discuss the current capabilities of X-ray imaging techniques for imaging cellular structures and show that cellular X-ray imaging has come of age.
Soft X-ray microscopy
The first X-ray microscope, which used grazing-incidence reflective optics to focus the X-rays onto the specimen, was developed in the 1940s [14] . Even though this was an exciting development in the field of X-ray science and materials science research, it did not generate any noteworthy biological images. It was not until the 1990s that the technology of X-ray microscopy had advanced sufficiently to successfully image subcellular details in cells and tissue specimens. At this time, new X-ray optical components, in particular zone plate lenses, became available [15] and began to be used in soft X-ray microscopes employing third generation synchrotrons as the Xray source [16] [17] [18] . The combination of precision nanostructured X-ray lenses, high-efficiency direct detection CCD cameras, and well-designed transmission X-ray microscopes enabled the production of soft X-ray projection images with stunning clarity and contrast from a range of cells and tissue specimens [8] .
Soft X-ray microscopes are typically operated using photons with energies in the 'water window', that is the region of the spectrum that lies between the K shell absorption edges of carbon (284 eV, l = 4.4 nm) and oxygen (543 eV, l = 2.3 nm). Such X-rays are absorbed an order of magnitude more strongly by carbon-containing and nitrogen-containing organic material than by water [7, 8, 16] . Consequently, structures in the cell are visualized directly as a function of both their density and biochemical composition while cellular water remains relatively transparent [7, 8, 12] . Structures such as lipid droplets, for example, absorb significantly more than organelles with high water content (e.g. vacuoles). Lens-based biological X-ray imaging can also be performed using X-rays with energies outside of the water window, where images are generated using phase contrast techniques. However, to date the most compelling images of cells have been obtained using bright field, absorption contrast, transmission X-ray microscopes (TXM) operating at water-window wavelengths.
The optical arrangement of a water-window TXM is similar in concept to that of a conventional bright-field light microscope [7, 8, 12] . A condenser zone plate optic focuses X-rays on the specimen, and an objective zone plate optic focuses the transmitted light onto the detector. Greater details about this type of microscope can be found in other publications [19] and at the facility web pages: (http://ncxt.lbl.gov, http://www.helmholtz-berlin. de/forschung/grossgeraete/mikroskopie/index_en.html, http://www.cells.es/Beamlines/XM/) Soft X-ray tomography Soft X-ray TXMs, like light and electron microscopes, generate two-dimensional representations of a threedimensional specimen [20] . For thick biological specimens, this results in structural features being confusingly superimposed in the image [3, 7, 8, 12, 21] . However, by collecting projection images of the specimen at incremental angles around a rotation or 'tilt' axis, it is possible to mathematically compute a three-dimensional tomographic reconstruction of the specimen [21] .
In practice, carrying out three-dimensional tomography on biological specimens required one further technological development. All biological materials are damaged when they are exposed to intense light, whether this is the ultra violet illumination in a fluorescence microscope or the photons in an X-ray microscope [22] . Imaging a typical cell by soft X-ray tomography requires collection of projection images at 1-28 increments through 1808 rotation. During this procedure, the specimen receives a dose of radiation large enough to cause a significant degree of structural damage. Fortunately, however, cryoimmobilization of the specimen circumvents this problem. When cells are imaged at liquid nitrogen temperature, more than a thousand soft X-ray projection images can be collected without apparent signs of radiation damage [7, 8] . To image at such extreme low temperatures, it was necessary to develop specialized cryogenic tomography stages. One approach, implemented on the X-ray microscope located at BESSY II in Berlin Germany, is the use of a modified electron microscope cryo-tilt stage. Although this was convenient in that it was commercially available, this stage must operate in a vacuum and suffers from the missing wedge problems that compromise the quality of the tomographic reconstruction. The Berkeley microscope employs a novel cryo-rotation stage that is capable of a full 1808 degree imaging, generating isotropic resolution tomograms of whole cells [8] . In this stage, the specimen is at atmospheric pressure rather than in a vacuum, and continually cooled by a gentle stream of liquid nitrogen cooled helium gas to maintain temperature during imaging.
A major strength of water-window soft X-ray tomography is that it can be applied to virtually any imaging investigation in cell biology: from imaging simple bacteria, to yeast and algae, to advanced eukaryotic cells and tissues. The unique ability to obtain high-resolution images of the subcellular organization of intact, eukaryotic cells in the native state, without any stains or labels, is something that cannot be done with light or electron microscopy. The first reported soft X-ray tomographic reconstruction demonstrating these features was of the algae, Chlamydomonas reinhardtii, [12, 23] followed by studies of yeast [9, 10, 24] . Dramatic improvements in X-ray images were soon noted upon completion of a second generation X-ray microscope, dedicated to biological imaging, constructed by scientists at the National Center for X-ray Tomography (NCXT) at Lawrence Berkeley National Laboratory. Remarkable 50 nm resolution images of the internal organization of the fission yeast, S. pombe, can be seen in Figure 1 [10, 24] . Another recent study shows the structural reorganization associated with transition through the cell cycle in the budding yeast, Saccharomyces cerevisiae, revealing high contrast details of cellular architecture (Figure 2 , Uchida et al., submitted).
The first demonstration that soft X-ray tomography can play a major role in biomedical research and drug discovery was the examination of the cellular organization of three phenotypes characteristic of the yeast, Candida albicans, (Figure 3 ) and the altered phenotype resulting from the application of potential anti-fungal components [11 ] . The hyphal phenotype shown in Figure 3 was 47 mm long, which is greater than the soft X-ray microscope field of view. However, in cases such as this, collecting sequential fields of view allows the entire cell to be imaged. Projection data from each of the fields of view are reconstructed, and then stitched together to form a composite image. Imaging a cell this long using electron tomography is a near impossible challenge (it would require the cell be cryo-sliced into approximately 200 sections, a Herculean task with a high probability of failure at a number of key steps). Whereas, with soft X-ray tomography the data necessary to reconstruct a large hyphal cell can be collected in less than 20 min [11 ] . X-ray tomography can also be used to examine larger, more advanced eukaryotic cells, such as white blood cells (Figure 4 ) and malaria-infected red blood cells (Hanssen et al., submitted). The images from the tomographic reconstruction of the lymphocyte seen in Figure 4 are the first views of the 3D organization of an advanced eukaryotic cell, and its nuclear architecture, in the near-native state.
Coherent diffractive imaging
The methods discussed in the first part of the present paper rely on optical elements, typically zone plates, to produce an image of the sample under investigation. The ongoing improvement of the spatial resolution of these methods is very likely to ultimately hit some fundamental barriers due to the difficulty of fabricating ever finer structures. Coherent diffractive imaging (CDI), sometimes also referred to as coherent diffraction microscopy, is a method that offers the possibility of removing the need for a lens and so obviating the limitations imposed by the state-of-the-art in fabrication technology.
The method has a long history, originating from an early proposal by the crystallographer David Sayre [25] in which it was suggested that the methods of crystallography could be adapted to the imaging of samples that do not display periodicity. The manner in which the image is recovered has more in common with electron imaging methods than it does with X-ray crystallography and, indeed, the phase problem is much easier to solve than it is for the case of crystals. The basic underlying principle for CDI is the realization that a finite sample is uniquely defined by its diffraction pattern [26] . An iterative method based on ideas with origins in electron and visible optics [27] is used to find an object that is consistent with both the measured diffraction pattern and any a priori knowledge possessed about the object.
The basic arrangement of a CDI experiment is shown schematically in Figure 5(a) . In essence, a coherent beam is used to illuminate the sample and its far-field diffraction pattern is measured. As the beam will typically interact only weakly with the sample, the undiffracted component of the beam is dominant and will damage the detector unless a beam-stop is introduced, precluding the measurement of the beam at very low diffraction angles. Ideally, if the angular subtended by the beam-stop is smaller than the characteristic scale of the variation of the diffraction pattern (i.e. the characteristic size of the coherent speckle) then there need not be a significant Soft X-ray tomography of a rapidly frozen fission yeast, Schizosaccharomyces pombe. The data for the complete threedimensional reconstruction were composed of 90 images, collected through a total of 1808 of rotation. Two computer-generated sections through the tomographic reconstruction are shown along with an image showing select organelles that have been segmented and color-coded according to type. Key: nucleus, blue; nucleolus, orange; mitochondria, gray; vacuoles, white; lipid-rich vesicles, green. (X-ray tomographic reconstructions are an update of the work outlined in [27, 28 ].)
impact on the reconstruction. The first experimental confirmation did not take place until long after Sayre's proposal [28 ] , and this work used an electron microscope image of the sample to replace the data obscured by the beam-stop. In the intervening decade or so, there has been considerable further progress driven by the rapidly growing access to coherent X-ray photons.
A major requirement for flexible microscopy is the ability to image samples without the need for the sample to be 626 Biophysical methods
Figure 2
Soft X-ray tomography of rapidly frozen Saccharomyces cerevisiae cells imaged at each phase of cell cycle -G1, S, M, and G2. Organelles are colorcoded as follows: blue, nucleus; orange, nucleolus; gray, mitochondria; ivory, vacuoles; green, lipid bodies. Scale bar, 2 mm (taken from manuscript submitted).
Figure 3
Soft X-ray tomography of the yeast, Candida albicans, showing the three phenotypes displayed by this yeast: (A) yeast-like cells, (B) pseudohyphae, and (C) hyphae. The hyphae shown in (C) is 47 mm long. To image this cell -which is significantly larger than the 15 mm microscope field of view -projection series were collected from sequentially overlapping fields of view along the length of the cell. These projection series were individually reconstructed and then computationally stitched together to form a single, seamless tomographic reconstruction. Volumes were segmented and color-coded as follows: blue, nucleus; orange, nucleolus; gray, mitochondria; ivory, vacuoles; green, lipid bodies. Scale bar, 2.0 mm (taken from [11 ] ).
spatially isolated -the sample must have a well-defined and finite spatial extent. Williams et al. [29] introduced the idea of using a curved incident beam (see Figure  5 (b)), where a zone plate or any other suitable optic is used to create a focus and the sample is placed in the beam diverging from it. The resolution of the resulting image, as with other forms of CDI and crystallography, is limited by the maximum angle at which diffraction is observed (not by the properties of the optics producing the diverging beam) and it has been established that this configuration displays rather more stable and consistent image recovery characteristics [30] . This configuration, in turn, allowed the finite object to be replaced by the finite illumination of an extended object [31 ] and so eliminating the need for the sample to be isolated. Scanning methods also borrowed from electron microscopy [32] and known diversely as Wigner phase-space deconvolution [33] , ptychography [34] and scanning diffraction microscopy [35] have also enabled diffractive imaging of extended objects with high resolution. The different names really refer to the analysis methods for the data, with the latter two forms relying on iterative methods, and the Wigner phase-space method using a deterministic Fourier transform based deconvolution method.
As argued in this paper, modern high-resolution microscopy also needs the capacity to image in three dimensions and this has also been convincingly demonstrated for non-biological objects [36 ] at a spatial resolution of around 50 nm. The application of CDI to biological Imaging cellular architecture with X-rays Nugent and Carolyn ALarabell 627 samples has been developing rapidly. The first convincing demonstration was of a yeast cell in a form that allowed for imaging of both the phase and the amplitude [37 ] at a resolution of 30 nm. Images have also been published of the malaria-infected red blood cell [38] and samples of a human chromosome [39] . In all these cases, the samples were dried before imaging.
Realistic biological imaging will require that the sample be prepared in a frozen hydrated state and results of such experiments have been reported very recently for X-rays in the water window obtained at the Advanced Light Source [40] where a resolution of better than 25 nm was reported for a yeast (S. cerevisiae) cell (Figure 6 ; cryo X-ray tomography of S. cerevisiae is shown in Figure 2 for  comparison) . A frozen hydrated Deinococcus radiodurans bacteria was simultaneously reported from the ESRF [41] where 8 keV X-rays were used to image at a spatial resolution of around 30 nm.
A recent paper by Nelson et al. reports high-resolution molecular localization in a specifically labeled cell, and describes an approach to obtain some depth resolution using the phase information to enable 'focusing' through the sample using digital methods [42] . In this manuscript, the authors show that similar images of a yeast cell are obtained using CDI, STXM and SEM. However, none of these images shows the vast array of subcellular organelles that are seen in images of S. cerevisiae obtained with transmission electron tomography [43] or X-ray tomography (Figure 2 ), indicating that there remains considerable scope for the further development of CDI in bioimaging.
It has been proposed that using a short pulse of X-rays from a free electron laser could mitigate the effects of radiation damage, with the image being formed from scattered radiation before the specimen is destroyed [44] ; Chapman and colleagues have shown that it is indeed possible to obtain useable diffraction patterns from objects that are in the process of disintegrating [45 ] . Unfortunately the damage caused by the extremely powerful laser pulse rules out the use of tomography to retrieve 3D information, as tomography requires many images of the same cell. The remaining option is to average data from many specimens. While this method could, in principal, work with identical particles such as single molecules, it is unlikely to be effective for cell imaging since each cell is unique. Moreover, recent data have shown that the core electrons are removed from light atoms such as carbon and nitrogen in a few femtoseconds, creating hollow atoms [46] suggesting that the rapid 628 Biophysical methods Figure 5 (a) Schematic of a coherent diffractive imaging experiment. The sample is illuminated with a nominally coherent beam of X-rays and the resulting diffraction pattern is captured on a suitable detector placed downstream of the sample. Pinhole 1 is used to select a coherent patch of the beam and pinhole 2 is used to eliminate the scattering from the edges of the first pinhole so as to allow a well-defined coherent beam to be incident on the sample. The object is finite in extent and so must be isolated from other features in the sample. A beam-stop is introduced to prevent the direct beam from the synchrotron damaging the detector. (b) Schematic of the configuration used from Fresnel coherent diffractive imaging. A zone plate is here used to create a diverging beam to be incident on the sample. An order sorting aperture (OSA) is used to remove other diffracting orders from the zone plate and also, in conjunction with a beam-top upstream of the OSA, to prevent the undiffracted beam (0th zone plate order, the edges of which are shown as blue dotted lines) from reaching the detector.
Figure 6
Optical DIC image (left) and X-ray CDI image (right) of a Saccharomyces cerevisiae yeast cell. The arrow in the left indicates the assumed direction of the incident X-ray beam. The red arrow indicates the possible location of a mitochondrion. Reproduced with permission from ref [40] .
electronic damage effects of the incident pulse must also be considered -the nature of the sample in the Chapman et al. paper [45 ] was such that it could not test the consequences of electronic damage. However, future experiments will no doubt soon clarify whether high-flux femtosecond pulse imaging can mitigate the effects of radiation damage accompanying biological X-ray imaging.
In summary, CDI has a great deal further to go in order to compete with the state-of-the-art three-dimensional X-ray microscopy, and the available resolution of X-ray zone plates will continue to improve and so the requirements for CDI to be truly competitive in biological X-ray microscopy will continue to become ever more demanding. The image reconstruction algorithms will continue to develop and, in the opinion of the authors, the uncertainty as to whether a given reconstruction is correct in every detailthe problem being that the algorithm might become trapped in a spurious solution (i.e. a local minimum in solution space) -remains an issue worthy of further examination. However, the ptychography-related methods [33] [34] [35] and curved beam methods [29, 31 ] seem to be more consistent. However, CDI does offer very high spatial resolution imaging that is sensitive to both phase and amplitude and so offers a quantitative form of imaging that has considerable potential for biological imaging.
Conclusions and outlook
Significant advances have been made in X-ray imaging techniques during the past decade. In this article, we have limited our discussion to those X-ray techniques that examine subcellular structures in whole cells at high resolution (better than 50 nm). One of these techniques, soft X-ray tomography, has generated remarkable images of a variety of different cell types. The multi-disciplinary team of scientists at the National Center for X-ray Tomography (NCXT) in Berkeley constructed a world-class microscope dedicated to cellular imaging and moved this technology from proof-of-principle demonstrations to a robust and easy-to-use biological research instrument. A similar multi-purpose microscope (designed for both physical and biological sciences) in Berlin is advancing spectral and spatial resolution capabilities of zone plate microscopy [47] .
In the immediate future we can expect to see many new X-ray imaging methods mature into techniques that can be easily applied to a range of biological applications. One powerful new approach will be the routine use of correlated fluorescence and X-ray tomography [48 ] . This approach will put molecular information into context by overlaying three-dimensional data obtained from super-resolution fluorescence microscopy onto precision structural information, obtained from the same cell, using soft X-ray tomography. Continued advances in zone plate optics will also improve the resolution achievable with Xray tomography.
The method of coherent diffractive imaging is at a much earlier stage of development but the field is progressing rapidly. It is safe to say that, from the initial demonstration of Miao et al., it has evolved into a suite of reliable high-resolution imaging methods. It is also true that new ideas continue to emerge rapidly.
The ultimate role of CDI in the development of X-ray microscopy is not yet clear. One can be certain that at some point the technical limits on the spatial resolution achievable using X-ray optics will be met and that CDI offers a pathway beyond this obstacle, wherever it may lie. CDI also offers access to the quantitative amplitude and phase information that are not easily available through other forms of X-ray imaging. Either or both of these features may turn out to be very important. For example, the access to phase information opens up a new contrast mechanism that may make it easier to explore a wider range of imaging wavelengths and to push for truly wavelength-limited resolution at these shorter wavelengths. Phase contrast does not require energy to be deposited in the sample and so perhaps some strategies that mitigate radiation damage will emerge. More penetrating radiation could facilitate advances such as the use of diffraction reconstruction strategies for thick specimen tissue tomography with the more penetrating multi-kilovolt X-rays.
Biological X-ray microscopy is at an exciting stage. Zone plate-based X-ray tomographic imaging has now reached maturity and truly spectacular images are being obtained. CDI is poised to take over as zone plates reach their limits and together these will ensure that X-ray microscopy grows and develops for many years to come.
